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ABSTRACT 

We discuss supersymmetry breakdown in effective supergravities such as emerge in the low- 
energy limit of superstring theory. Without specifying the precise trigger of the breakdown, we 
analyse the soft parameters in the Lagrangian of the supersymmetrized Standard Model. 
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The Standard Model (SM) of particle interactions enjoys overwhelming phenomenological 
success, but it does not account for the gravitational interactions nor does it explain the origin 
or naturalness of the electroweak scale A% <C Mp\. These theoretical problems result in a belief 
that the high-energy physics should be described by a supergravity — a locally supersymmetric 
quantum field theory that contains gravity, the SM, and perhaps some 'hidden' interactions in 
which known particles do not participate. The hierarchy of mass scales can be naturally explained 
if the supersymmetry is exact at high energies but becomes spontaneously broken, above iWw, 
by a non-perturbative mechanism. At low energies, this mechanism should decouple from the 
observable physics and the supersymmetry would appear to be broken by explicit soft terms in 
the effective low-energy Lagrangian. From the low-energy point of view, these soft terms — which 
include the masses of the super-partners of all known particles — are simply independent input 
parameters, just like the gauge and Yukawa couplings of the SM, but from the high-energy point 
of view, they are calculable in terms of supergravity couplings. 1 

Because of its non-renormalizability, supergravity itself has to be thought of as an effective 
theory, valid below the Planck scale Mp\. Currently, the best candidate for a consistent theory 
governing the physics of energies 0(Mp\) and beyond is the heterotic string; unfortunately, our 
present understanding of this theory is rather limited. The state-of-the-art string theories are 
essentially series of world-sheet topologies analogous to series of Feynman diagrams for quantum 
field theories. At this perturbative level, the heterotic string has a large class of vacua that lead to 
effective (d — 4, N — 1) locally-supersymmetric field theories at energies below Mp\ and, at least 
in principle, we know how to derive the Lagrangians of those effective theories. Alas, the non- 
perturbative properties of string theory are largely out of reach; in particular, we have no 'stringy' 
mechanisms for the non-perturbative spontaneous breakdown of supersymmetry or for the selection 
of the true string vacuum from the multitude of perturbative candidates. Instead, one generally 
assumes that the dominant non-perturbative effects originate at energies well below Mp\ and are 
thus describable in terms of an effective field theory. Gaugino condensation in an asymptotically 

2 

free hidden sector of the effective supergravity is a prime example of this mechanism. 

In this article we pursue a different approach: We do not specify the precise trigger of su- 
persymmetry breaking, but instead parametrize its effects under several mild assumptions. This 
allows us to make use of the 'perturbative knowledge' of the effective supergravity without relying 
upon our limited knowledge of the non-perturbative physics. In the same spirit, we summarize 
the properties of the soft terms generated under those assumptions. Surprisingly, some of their 
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features are quite general and do not depend upon a specific string vacuum; yet they lead to 
distinct signals at In fact, some properties apply to all effective supergravity theories, re- 

gardless of the nature of the ultimate unified theory. Many of our observations first appeared in 
the context of gaugino condensation or within a specific class of string vacua and our presentation 
relies heavily upon references 1-15. The main point of this article is to stress the generality of the 
statements that can be made about the soft parameters. 

Our starting point is a phenomenologically acceptable effective N — 1 supergravity theory that 
also enjoys some features suggested by generic properties of the (d — 4, N — 1) superstring vacua. 
In particular, we focus on supergravities that have both an 'observable' sector — a supersymmetric 
extension of the SM — and a 'hidden' sector. We do not insist upon 'minimality' of the observable 
sector: The observable gauge group G( obs ) may be extended beyond the Standard 577(3) x SU (2) x 
U(l), e.g. by adding an extra £7(1) factor. Similarly, the chiral superfields Q 1 of the observable 
sector must include all the quark, lepton and Higgs superfields of the Minimal Supersymmetric 
Standard Model (MSSM), but they may also include additional particles with 0(1 TeV) masses. 
The hidden sector generally has a large gauge group G( hld ) of its own, as well as some chiral 
superfields A a that transform non-trivially under G( hld ). In this article, we leave the hidden 
sector completely generic and even allow for some of the A a to be charged with respect to both 
Q(hid) an j £K obs ). However, in order to have strong non-perturbative effects in the hidden sector, 
some of the factors of G( hld ) ought to be asymptotically free. 

Furthermore, we expect to have a set of chiral moduli superfields $*, which are exact flat 
directions of the scalar potential to all orders of perturbation theory* The non-perturbative 
effects in the hidden sector generally lift this exact flatness. They can also lead to a spontaneous 
breakdown of supersymmetry; this is signalled by a non-zero value of an F-term or a JJ-term, 
which are the VEVs of the auxiliary components of chiral and vector superfields. In order to 
proceed we have to make a few assumptions about the nature of the non-perturbative potential, 
the structure of the hidden sector and the induced F/D-terms: 

1. The non-perturbative potential has a stable minimum with no 'runaway' directions. (If this 
does not hold, the model should be re- analysed by expanding around a different vacuum.) 

★ In string theory, vacuum expectation values (VEVs) parametrize continuous families of the string vacua, 
hence the name 'moduli'. From the effective supergravity point of view, the dilaton S — whose VEV is also 
undetermined to all orders of string perturbation theory — is similar to the moduli, and for the time being, 
we treat S as one of the $\ We return to the special properties of the dilaton later in this article. 
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2. All hidden fields — both gauge and matter — become massive or confined at an intermediate 
energy scale well below Mpj but well above A% (Jl% <C Myd <C Mpi). Some of the 
A may acquire a VEV but G(° bs ) remains unbroken. 

3. By itself, the hidden sector does not break supersymmetry, i.e. (F a ) = (D a ) = for 
a e G( hld ) . (Relaxing this assumption goes beyond the scope of this article but is certainly 
worth while investigating.) 

These three assumptions allow us to integrate out the entire hidden sector while maintaining 
manifest supersymmetry of the remaining effective theory. This induces an effective potential 
\/( eff )($) f or the moduli scalars, which we assume to have the following features: 

4. \/( cff )($) has a stable minimum, without flat directions. 

5. At that minimum, V( eS \{&)) = 0, i.e. the effective cosmological constant vanishes (in some 
crude approximation). 

6. Some of the (F 1 ) in the moduli direction do not vanish, i.e. supersymmetry is spontaneously 
broken in the moduli sector. 

7. The effect of this spontaneous breakdown on the hidden sector itself does not lead to ad- 
ditional large VEVs of the hidden scalars. (It might also be worth while to relax this 
assumption and investigate the effects of the resulting feedback.) 

Some of our assumptions, in particular 1-3, are based upon our knowledge of gaugino condensation, 
but we expect them to be of more general validity. On the other hand, the assumptions 4-7 are 
not so easily satisfied. Stabilizing the dilaton's VEV is a generic problem of string theory and 

8 13 

one known solution involves two or more independent condensates. ' The problem of a vanishing 
cosmological constant is even more severe; various possibilities have been investigated in refs. 16 
and 11. We refrain from further discussing the validity of our assumptions; instead we analyse 
their effects upon the observable sector of the theory. 

The Lagrangian of an effective supergravity is completely specified in terms of the (moduli- 
dependent) gauge couplings, the Kahler function K and the superpotential W . The latter is a 
holomorphic function of the chiral superfields and does not suffer from renormalization in any 
order of perturbation theory, but integrating out the hidden sector introduces non-perturbative 
corrections. Thus, the superpotential of the effective theory for the moduli $ 4 and the observable 
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chiral superfields Q 1 generally looks like W = W^ tTee ^ + W^ mA \ where 

W^ ee \^,Q) = lY IJL (<!>)Q I Q J Q K + ••• (1) 

is the classical superpotential and 

W {ind \<S>,Q) = W($) + ±fnj(®)Q I Q J + ■■■ (2) 

summarizes the effects of integrating out the hidden sector. The • • • in both formulas stand for 
terms of higher order in Q whose coefficients are suppressed by negative powers of Mp\. Generally, 
super symmetric mass terms are absent from the classical superpotential* but are induced by the 
hidden sector. Yukawa-like cross-couplings 0(M^y n )A n Q 2 C W (all indices suppressed) between 
the observable and the hidden chiral superfields generate /i/j if the hidden scalars acquire VEVs 
due to non-perturbative effects. Generically, (A a ) ~ M^d — the characteristic scale of the non- 
perturbative dynamics of the hidden sector, — which leads to p,jj = 0(M^ id /Mp^ 1 ) 6 

The Kahler function K is a gauge-invariant real analytic function of the chiral superfields and 
is responsible for their kinetic terms and cr-model interactions. Expanding in powers of Q 1 and 
Q 1 , we have 

K = «T 2 X($,$) + Zjj($,$)Q T Q j + (i///j($,$)g 7 g J + H.c.)+ (3) 

where k 2 = jp- and the • • • stand for the higher-order terms; Zjj is the normalization matrix 
for the observable superfields; the normalization matrix for the moduli is given by n~ 2 Kij = 
K~ 2 d%djK. In string theory, all terms in (3) suffer from perturbative corrections, but in the effective 
field theory applicable below Mpi, only the Zjj matrices renormalize, while the perturbative 
corrections to the other parameters are suppressed. Corrections to K induced by the hidden 
sector are similarly suppressed. 

★ In perturbative string theory, most states are either exactly massless or superheavy, and in the latter case they 
do not belong in the effective theory. However, it is possible for certain string states to have ^-dependent 
masses that can vary all the way between O(Mpi) and 0, and in particular could be light in some region 
of the moduli space. (We would like to thank M. Cvetic for a discussion of this point.) In this case, the 
combined W($, Q) would have two kinds of mass terms, of very different origins, but phenomenologically 
indistinguishable from each other. 
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Finally, there are moduli-dependent effective gauge couplings g a (<&, 3>) for the different factors 
in the gauge group (G( obs ) = fla^a)- These couplings renormalize in field theory and are also 
subject to string-loop corrections at the string threshold. However, both effects can be summarized 
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to all orders in an exact algebraic equation 

g-\^p) = Re /a (<t>) + log^ + 3^ 

+ ^ log^ 2 ($,$,p) logdetZ«($,$,p), W 

r 

where the running of the gauge couplings and of the Z matrices is explicit (p is the renormalization 

scale)! The only independent parameters in eq. (4) are the holomorphic functions / a ($), which 

are closely related to the supersymmetric Wilsonian gauge couplings of the quantum effective 

theory (see ref. 15 for details); at the tree level, g~ 2 ($, $) = Re/ a (<&). There are no perturbative 

corrections to f a (&) beyond one loop, although the effective gauge couplings g a are corrected at all 

orders because of their dependence on K and Zjj. Any intermediate-scale threshold corrections 

15 

to g a , e.g. at M mc j, can always be expressed as holomorphic corrections to f a . 

In order to discuss the implications of supersymmetry breaking we need to display the effective 
potential for the moduli; neglecting the effects of the electroweak symmetry breaking, we have 

K (eff) ($,$) = K^KifFF 3 - 3n 2 e k \W\ 2 , (5) 

where 

f j = K 2 e k/2 k Ji (diW + wdik^j , k* = (kij)- 1 . (6) 

According to our assumptions, at the minimum of eq. (5), V( cS \{$), (<&)) = 0, but (some) (F l ) ^ 
and thus supersymmetry is spontaneously broken. The measure of this breakdown is the gravitino 
mass 



ms/2 = 



= {iK^F'f 2 ~ ^ (7) 



(the second equation here follows from (0 eff )) = 0); the magnitude of (F l ) is also 0(M^ id / 'Mpj)? 



f The numerical coefficients in this formula are as follows: b a = ^ r n r T a (r)— 3T(G a ), c a = J2 r n rT a (r)—T(G a ), 
T a (r) = Tr r (T^) and T(G a ) = T a (adjoint); the summation is over representations r of the observable gauge 
group G(° bs ) and n r is the number of Q 1 which transform like r. Strictly speaking, eq. (4) is exact only for 
p»m 3/2 . 

| We consider the moduli scalars to be dimensionless, which implies dimension 1 for the moduli F-terms F l . 
All other scalars have dimension 1 and their F-terms have dimension 2. 
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After all the preliminaries, calculating the effective Lagrangian of the observable sector is quite 
straightforward. One starts from the Lagrangian of the effective theory for Q 1 and replaces 
the dynamical moduli fields — including the auxiliary F l — with their VEVs, and takes the flat 

3 

limit Mpi — > oo while keeping m 3 /2 fixed. One finds that the (canonically normalized) gaugino 
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masses turn out to be 

m a = iF'dilogg- 2 ; (8) 

whereas the (un-normalized) masses of the observable matter fermions and their (un-normalized) 
Yukawa couplings are given by 4,5 

A*/J = e K/2 fMu +m 3/2 H IJ - F 3 djH u , 
Yijl = e K l 2 Y IJL . 

It is convenient to combine both terms into an effective superpotential 

W^iQ) = y iJ Q I Q J + \Y IJL Q i Q j Q l , (10) 

but one should remember that this is a superpotential of the observable sector and not of the 
full theory. In the latter context, (10) would not make sense as a superpotential because 
and Yijl are non-holomorphic functions of the moduli. Finally, the potential for the observable 
scalars (which, by abuse of notation, we call Q 1 ) is 3 ' 4 

V^ S \Q,Q) = g -f(Q T ZuT a Q J ) 2 + diW^Z IJ djW {eS) 

a£G(» bs > (11) 

+ mjjQ 1 ^ 1 + ( K \Ai JL Q I Q J Q L + \BuQ i Q j + h.c.) . 
The first line here gives the scalar potential of an effective theory with unbroken rigid super- 

18 

symmetry while the second line is comprised of the soft supersymmetry-breaking terms. The 
coefficients of these soft terms are as follows: 4 

m h = ml /2 Zu - F*F J R tJIJ , 

Ajjl = F'DiYjjL, (12) 
B u = F l DiHu - m 3 / 2 ///j, 
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where 



R-ijU — didj^ij ~ ^u^nl^jJ > — Z NJ diZjj , 

D l Y IJL = diYjjL + \KiYuL - r? {I Y JL)N , (13) 
Difiu = difijj + \ki fijj - T^j fij^ N . 

(When evaluating dmu or diYjji, one should apply <9/<9<3> l to all quantities on the right-hand 
side of eqs. (9), including m 3 / 2 and F J .) Notice that all quantities appearing in eqs. (8), (9) and 
(12) are covariant with respect to the supersymmetric reparametrization of matter and moduli 
fields as well as covariant under Kahler transformations. 

According to eq. (12), mjj ~ m \/2i ^-UL ~ m 3/2^/JL; and Bjj ~ m 3 |2/ijj; nevertheless, the 
soft terms are generally not universal, i.e. Ajjl ^ const • iti^^Yijl and m^j ^ const • my 2 Zjj, 

4 

even at the tree level. In the context of the MSSM, this non-universality means that the absence 
of flavour-changing neutral currents is not an automatic feature of supergravity but a non-trivial 

12 

constraint that has to be satisfied by a fully realistic theory. 

Phenomenological viability of the MSSM imposes yet another requirement: The supersym- 
metric mass term fi for the two Higgs doublets should be comparable in magnitude with the 
non-supersymmetric mass terms.* Equation (9) displays flu and Hjj as two independent sources 
of fijj, but one should keep in mind that flu depends very strongly on the couplings of the hidden 
fields. Generically, /i/j ~ M£ d /Mpf 1 ~ m 3/2 • (M hid /M P1 ) n ~ 3 (cf. ref. 6), which means that the 
cubic and the quartic cross-couplings of the Higgses to the hidden scalars (n = 1, 2) can induce 
unacceptably large Higgs masses.^ On the other hand, the contribution of a non-vanishing Hjj to 
/i is automatically of order m 3 / 2 , without any fine-tuning. In our opinion, this mechanism — first 
pointed out in ref. 5 — is an appealing alternative of generating the /z-term in the MSSM. 

To summarize, we displayed formulae expressing all the couplings of the MSSM (or, in general, 
the observable sector) in terms of a few perturbative parameters of the effective supergravity, 
namely K{§, <3>), Zjj($, $), iJ/j($,$), Y IJL (&) and / a ($), and even fewer non-perturbative 

★ Non-minimal supersymmetric extensions of the SM are viable without this [i term, provided the observable 

19 

sector contains a gauge-singlet scalar with Yukawa couplings to both Higgses. (When this singlet gets a 
VEV, it naturally induces [i ~ M\y.) However, even in non-minimal models one always has to check that the 
Higgses do not become too heavy, 
f The higher-order cross couplings (n > 3) can also become dangerous if (A a ) ^ Mhid, which happens whenever 
the hidden sector needs non-renormalizable couplings of A a to prevent a (A a ) — > oo instability. Explicit 
examples of this effect in gaugino condensation can be found in ref. 15. 
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parameters induced by the hidden sector, namely W(<&) and /2/j($). (We have explicitly checked 
that all higher-order terms in eqs. (3) and (1) decouple from the effective Lagrangian of the 
observable sector in the limit Mp\ — > oo, m 3 / 2 fixed.) Moreover, the non-perturbative parameters 
we need to know are holomorphic functions of the moduli; this gives us a realistic hope for actually 
computing those parameters for a large class of hidden sectors. In addition, not all the observable 
couplings depend on all the parameters; for example, fn^j and the trilinear couplings Ajjl are 
independent of Hjj and Jiij. 

We would like to stress that eqs. (8), (9) and (12) are valid at all energy scales above m 3 / 2 
as long as one uses the renormalized gauge couplings g a (p) and the renormalized Zjj(p). (The 
other perturbative parameters — K, Hjj and Yijl — do not renormalize below Mp\). We even 
have an analytic formula (4) for the renormalized gauge couplings, but all we have for the Zjj 
matrices are the renormalization group equations. Except for a few particularly simple cases, 
we cannot solve those equations analytically, whereas the numerical solutions do not give us the 
moduli dependence of Therefore, in practice one has to use eqs. (8), (9) and (12) 

evaluated at the Planck scale, and then conventional renormalization group equations determine 
the couplings at A%. This procedure is quite standard by now and we refer the reader to the 
literature for further details. 1 

Nothing we have said so far relied in any way on the stringy nature of the fundamental theory 
behind the effective supergravity; our observations are equally valid for any other unified theory 
that gives rise to an effective supergravity below the Planck scale. However, in the context of 
string unification, we can make use of the special properties of the dilaton S, which are common 
to all (d — 4, N — 1) vacua of the heterotic string. All other moduli (henceforth denoted by 
M % ) we leave completely generic. At the tree level of the heterotic string, the couplings of S are 
universal and are summarized by 

£(tree) = _ bg ^ + ^) + K(M,M), /^rec = ^ (14) 

(k a is the level of the relevant Kac-Moody algebra). Furthermore, Zjj(M, M), Hu(M, M), and 
Yijl(M) are independent of S; their M dependence cannot be further constrained unless one 
chooses to focus on a particular class of string vacua. The non-perturbative W(M, S) in eq. (2) 
does depend on both M and S, and so do the induced masses p,jj(M, S). However, in string theory 
many higher-order couplings often vanish for no reason that is apparent from the low-energy point 
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of view, and thus one might expect some string vacua to have fxjj <C m 3 / 2 . On the other hand, H 
is generically non-zero in string theory,* which presents an alternative mechanism for generating 
the //-term. As far as we know, this possibility has so far been overlooked in the context of string 
theory. 

At the string loop level, K, Zjj and Hjj receive an ^-dependent but generically small threshold 

21 

correction, which we neglect in the following discussion. The holomorphic gauge kinetic function 
f a is only corrected at the one-loop level by an M-dependent (but ^-independent) piece: f a = 

k a S +/ a 1 ~ l0 ° P (M) 22 ' 17 

Generically, the dynamics of the hidden sector can give rise to both (F s ) and (F M ), but one 
type of F-term often dominates over the other. Therefore, we would like to concentrate on the two 
limiting cases (F s ) ^> (F M ) and (F s ) <C (F M ) and discuss the phenomenological implications 
of the two scenarios. The main feature of the (F s ) 3> (F M ) scenario is the great simplicity of the 
resulting soft terms before we take string loops and renormalization into account. Specifically, we 
find 

m a = ^m 3/2 , m]j = mj^Zjj, A IJL = -V3m 3/2 Y IJL , (15) 

whereas fijj and Bjj are independent parameters. Thus, in the context of the MSSM the masses 
of all super-particles as well as the Higgs VEVs are determined in terms of the three independent 
parameters m 3 / 2 , H and B, and if we further assume that ft, = 0, then only m 3 / 2 and jj, are 
independent while B = 2m 3 / 2 /z. Numerical study of the electroweak phenomenology produced by 
these soft terms shows that for jx = the Higgs particle is very light for all allowed values of the 
other parameters; the general case (/i ^ 0) is slightly more involved. Both cases will be presented 
in detail in ref. 23. 

When the dominant non-perturbative effect in the hidden sector of a string-based supergrav- 
ity is the formation of gaugino condensates (although other condensates may also be present), 
the resulting effective W(S, M) is more likely to give rise to (F M ) than to (^F S ) 7 ' 9 ' W However, 
the analysis of this scenario is much more model-dependent since the M-dependence of various 
couplings is quite different for different string vacua; nevertheless, even without choosing a partic- 
ular vacuum it is possible to make some (interesting) generic statements about the soft terms. 9 14 

| For the (2, 2) string vacua Hjj are related to Yukawa couplings of the form 1 • 27 • 27 by the N = 2 Ward 
identities analogous to those used in ref. 20. For the (2, 2) orbifolds, Hjj vanish in the orbifold limit. 
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First of all, the usual assumption of the universality of the soft terms in the MSSM does not auto- 
matically hold in this case: m^j is not flavour-blind or even generation-blind; instead, we have a 
non- universality parametrized by the field-space curvature R^j (see eqs. (12)), which generically 
does not vanish. The absence of flavour-changing neutral currents imposes strong phenomenolog- 

12 

ical constraints on this curvature term and thus on string model building. Equations (12) also 
reveals that the trilinear couplings Ajji are not strictly proportional to the Yukawa couplings 
Yiji, nor is Bij proportional to jiij. 

Despite the lack of universality in the (F M )-driven scenario, we can still make an order-of- 
magnitude estimate of the supersymmetry-breaking masses and couplings. Barring unexpected 
cancellations between the two terms in the first eq. (12)* the scalar masses are typically 0(777.3/2). 
Similarly, the trilinear couplings Ajjl = Oim^^Yjji). On the other hand, because the gauge 
couplings depend on the dilaton S more strongly than on the other moduli M l , the gaugino masses 
come out rather light, 0(^m 3 / 2 ) (see eq. (8)); this was first noticed in ref. 9. Furthermore, eq. (4) 
allows us to estimate the magnitude of the gaugino masses after the renormalization, i. e. just above 
777.3/2 ■ The result is 

m a (p) = C a ^^-m 3/2 <m 3/2 , (16) 

where the coefficients C a are model-dependent but generally 0(1). Therefore, in this scenario we 
expect the gaugino masses to be close to their experimental lower bounds, while the squarks and 
the sleptons should be around a few TeV. (For a particular class of models this was indeed verified 
in a more careful numerical analysis in ref. 14.) The Higgs mass also tends to be large and the 
need for a — M| eigenvalue in the Higgs mass matrix is another powerful constraint for string 

24 

model building. Finally, C a in eq. (16) may differ from gaugino to gaugino, so in this scenario, 

12 

the ratio m pho tino/m g luino may differ from olqedI^QCD- 

The two scenarios we just analysed lead to distinct signals at the weak scale. We would like 
to stress that such signals do not depend on the detailed mechanism for supersymmetry breaking 
nor do they depend on the chosen string vacuum. Rather, they are a mere consequence of which 
F-term is the dominant seed of the breaking. As such they are not predictions of string theory. 

★ One has rn^j = whenever Zj j = 5jje K ^ 3 , or equivalently R^jj = ^Zj jKij, which is a feature of no-scale 
models. 16 
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